A matter wave ghost imaging mechanism is proposed and demonstrated theoretically. This mechanism is based on the Talbot-Lau effect. Periodic gratings of matter wave density, which appear as a result of interference of atoms diffracted by pulses of an optical standing wave, are utilized to produce the reference wave and the signal wave simultaneously for the ghost imaging. An advantage of this mechanism is that during the imaging process, the beam-splitter is not needed, which highly simplifies the experimental setup and makes the ghost imaging possible in the field of matter wave.
Introduction
Ghost imaging (GI), also known as correlated imaging has attracted a lot of interest for its great applications in quantum metrology, lithography, and holography [1] . It is a method to obtain the image of an object by correlation measurements between two optical beams [2] , [3] . One optical beam passes through the object and illuminates a single-pixel (bucket) detector which provides no spatial resolution. The other optical beam does not interact with the object, but it impinges on a high-resolution pointlike detector. The name "ghost" comes from the fact that the information about the spatial distribution of the object is retrieved, through the intensity correlation measurements by scanning the point-like detector in the reference path, although the beam in this path never interacts with the object to be imaged.
In recent years, the development of matter wave optics has attracted a lot of interest. Many optical effects have found their counterparts in the field of matter wave. The realization of Hanbury-Brown Twiss (HBT) effect with cold atoms opened the possibility for multi-bit information processing with matter waves [4] . It is known that, the essential physics behind the HBT effect and the GI effect is the same [5] . Both effects arise as a result of the intensity fluctuations of the stochastic wave source. The difference is that, in the GI, many bits of information of the object are treated together, whereas, in the HBT, only one bit information is required to be obtained. A natural question arises that whether it is possible to realize the GI with a matter wave. In a traditional GI experiment, a beam-splitter is an indispensable optical component to create point-to-point correlation [6] . In 2008, the computational GI was proposed, where the beam splitter disappears and a light modulator was used [7] . In 2012, an interesting GI without beam splitter was proposed, in which a periodic diffraction grating was applied [8] . In the field of matter wave, a large-area beam-splitter is quite a difficulty for experiments [9] [10], 2 To whom any correspondence should be addressed. which limits the extension of GI from the field of optics to the field of matter wave. In this manuscript, we propose a mechanism which utilizes a periodic atomic grating to produce the point-to-point correlation of the matter wave field, and present a theoretical framework to demonstrate the GI with matter waves.
Matter wave Talbot-Lau interferometer
We propose a mechanism for the matter wave ghost imaging (GI) as shown in Fig.1 , which can be divided into two parts. One is designed for Talbot-Lau interferometer, which generates periodic density patterns of the matter wave. It comprises two absorptive gratings which are standing waves of resonant optical fields (also called optical masks) [11] . The other part of the GI scheme is for imaging, where the correlation detection is performed at a detection plane by a bucket detector D 2 and a highresolution detector D 1 . The object to be imaged is placed behind one of the periodic density patterns on the detection plane. The matter wave transmitted from the object is the so called signal wave, and is collected by the detector D 2 . Since D 2 is a bucket (single-pixel) detector, no spatial resolution of the object is gathered by D 2 . The high-resolution detector D 1 is placed behind another periodic density pattern which is the so called reference wave, and collects the information of the density distribution of this pattern. For the location of D 1 , it is worth noting that detector D 1 can be placed at any density pattern other than the one for D 2 . According to the density correlation (the second order correlation) of the matter wave between D 1 and D 2 , the image of the object would be retrieved. We would first present the theoretical derivations of the periodic density patterns in the Talbot-Lau interferometer, and then the imaging process. Talbot-Lau effect is a self-imaging of a periodic structure illuminated by partially coherent or incoherent light. In Talbot-Lau interferometer, monochromatic spatially incoherent light passes through a set of two parallel gratings separated by a known distance. At particular separations, illumination of the second grating is coherent and, subsequently, the second grating's image forms in the diffraction zone. For matter waves, the Talbot-Lau effect can be realized with atom beams manipulated by solid gratings and also optical fields [11] . Utilizing Talbot-Lau effect, point-to-point correlation of the matter wave field can be produced without beam splitters.
In the above setup of Fig.1 , we assume that the matter wave source is a monochromatic incoherent atom beam. A flux of atoms enters the plane at z=0 with a longitudinal momentum p z which is much greater than its transverse components. The Wigner function of the matter wave at z=0, is (1) The matter wave beam passes through the first atomic grating which is located at z=0 and is perpendicular to the propagation direction. After the first grating, the Wigner function turns out to be
where h 0 (x) is the transmission function of the first grating at z=0, and H 0 (x, q) is the convolution kernel
where Δ is a two-point spatial separation. After a free evolution by a distance L 1 , followed by a passage through the second grating with a convolution kernel H 1 and another free evolution by a distance L 2 , the Wigner function of the matter wave at the Interference plane,
We assume that the first grating has a period d 0 , and its transmission function 
, with
In the case that the two gratings are set at an equal distance L 1 =L 2 =L and an equal period d 1 =d 2 =d, the Wigner function at the interference plane, z=L 1 +L 2 , is (see Eq.(17) in Ref. [12] 
The first term of the above exp function, exp
, shows a periodic density pattern along the transverse direction with the period d. This density pattern is similar to the original grating and can be recognized as the image of the grating. The second term of the exp function, exp[2 (
shows that the periodic density pattern appears at distances that are multiples of the Talbot length L λ , which is the so called Talbot-Lau effect.
Matter wave ghost imaging
According to the Talbot-Lau effect, we can obtain periodic density patterns of the matter wave at the interference plane z=L 1 +L 2 . These density patterns possess the property of point-to-point correlation and can be used for ghost imaging. As shown in Fig.1 , the object is placed behind one density pattern of the matter wave. The matter wave transmission of the object is collected by the bucket detector D 2, which is a single-pixel detector and can not retrieve the spatial resolution of the object. A parallel high-resolution detector D 1 is placed behind another density pattern at the reference plane. D 1 is spatial sensitive and can collect the density distribution of the matter wave field to be detected. However, no object is placed before D 1 . The signal from D 1 is for the purpose of reference.
Our starting point is the first order correlation function obtained from the Talbot-Lau effect at the interference plane z=L 1 +L 2 , which has been theoretically expressed in Eq(8). When we pick up the 2 m l = − components, the first order correlation function at the interference plane is 
